Experimental procedures

Materials
The E. coli strain BL21 (DE3) codon plus was from Stratagene. All chemicals used were of molecular biology grade or higher.
Bacterial Strain and Media-Clostridium sticklandii (ATCC 12662) cells were grown in a medium consisting of 0.6% tryptone, 0.6% yeast extract, 10 µM CoCl 2 , 10 µM MnCl 2 , 10 µM Na 2 MoSO 4 , 100 mM MgCl 2 , 100 mM CaCl 2 and 1% L-arginine hydrochloride in 40 mM potassium phosphate buffer (pH7.5). The medium was used immediately after autoclaving to keep its oxygen content to a minimum. Provided the culture vessel was filled to the neck, an anaerobic atmosphere was unnecessary. Each batch of medium was inoculated with a 5% inoculum of an actively growing culture and was incubated at 37°C in the dark for 12-16 hours.
The cell paste was frozen as soon as it was removed from the centrifuge and was stored at -20°C until used. Purification of D-ornithine aminomutase from C. sticklandii-All purification steps were performed on ice or at 4°C. In a typical purification, 15 g of cells (wet weight) were resuspended in 60 ml of 50 mM potassium phosphate buffer, pH 7.0. The cells were ruptured in a volume of 30 ml by sonication. Cell debris was removed by centrifugation at 25000 xg for 15 min and the supernatant was brought to 25% saturation in ammonium sulfate by slow addition of solid. The precipitate was removed by centrifugation at 25000 xg for 30 min and the supernatant was directly applied to a Phenyl-Sepharose High Performance hydrophobic interaction column (2.6 x 25 cm) equilibrated in 50 mM potassium phosphate buffer, pH 7.0, containing 1mM DTT, 1 M (NH 4 ) 2 SO 4 and 10% glycerol. After washing the column with 100 ml of the same buffer, the enzyme was eluted with a 1inear, descending gradient of ammonium sulfate in 1000 ml of buffer. The flow rate was 1 ml/min; 10-ml fractions were collected. Active fractions were pooled and concentrated to 15 ml by ultrafiltration in a stirred cell fitted with a PM-30 membrane. After overnight dialysis against 1 liter of 10 mM potassium phosphate buffer containing 10% glycerol, pH 6.4, the protein was loaded onto a 2.6 x 20 cm Q-Sepharose Fast Flow anion-exchange column equilibrated with the same buffer. Protein was eluted with a 600-ml gradient from 0 to 0.5 M KCl. The flow rate was 1 ml/min; 5-ml fractions were collected.
Active fractions were pooled and dialyzed overnight against 1 liter of 10 mM potassium phosphate buffer containing 10% glycerol, pH 6.4. Final purification was achieved by FPLC using a Mono Q HR5/5 column. Protein was applied to the column equilibrated in 10 mM potassium phosphate, pH 6.4 and eluted with a 20-ml gradient from 0 to 0.5 M KCl. The flow rate was 1 ml/min; 0.4-ml fractions were collected. The protein solution was concentrated by ultrafiltration and stored at -20°C in the presence of 50% glycerol.
Probe Construction-To determine the N-terminal sequences of the both components, S and E, of D-ornithine aminomutase, the protein solution from above was subjected to SDS-PAGE through a 5-20% gradient gel. Polypeptides were then transferred to a polyvinylidene difluoride membrane by electroblotting and stained with Coomassie Blue R-250 for 40 seconds. After partial destaining, the desired bands were cut out for N-terminal sequencing. The N-terminal sequences obtained were as follows: S component, MKRADDFQQRRAHLANLSDEELQTR;
and E component, MEKDLQLRVNE KLDVENILKDLDKTT. Two oligonucleotides, no.s 21 and 23 (Table 1) , were designed based on the N-terminal sequences of the S and E components for use as primers in a degenerate PCR experiment. Genomic DNA was purified from C.
sticklandii by phenol/chloroform extraction methods (15) . The PCR reaction was carried out by using a Perkin-Elmer 480 thermal cycler as follows: 1 min at 94°C, 1.5 min at 41°C, and 3 min at 72°C. After 35 cycles, a clear ~400 bp PCR product was obtained. The gel-purified PCR product was sequenced on both DNA strands to confirm that the PCR reaction had amplified the correct region of genomic DNA and was directly used as a probe.
Gene Cloning and Sequencing-Genomic DNA from C. sticklandii was restricted with XbaI or HindIII. The DNA fragments were separated by agarose gel electrophoresis, blotted on positively charged nylon membrane and hybridized with the probe using the AlkPhos Direct Labeling Amplification was achieved using 30 cycles at the following temperatures: 95°C for 0.5 min, 50°C for 1 min, and 72°C for 4min. Finally, the reaction was maintained at 72°C for 5 min. The PCR products were gel-purified and sequenced on both strands using a Perkin-Elmer DNA autosequencer.
Expression construct-The oraS gene was amplified by PCR using two primers, 39 and 40, which introduced NdeI and BamHI sites at the 5' and 3'-termini of the oraS gene, respectively.
The PCR product was gel-purified using a Qiagene gel-extraction kit, restricted with NdeI and BamHI, and ligated with NdeI/BamHI-restricted pT7-7 vector. The ligation mixture was used to transform E. coli TG1 recO 1504::Tn5. The plasmid that carried the oraS gene in the correct orientation was designated poraSX. Similarly, the oraE gene was PCR amplified using primers, 41 and 42, which introduced NcoI and BamHI sites at the 5'and 3'-termini of the oraE gene, respectively. The PCR product was purified, restricted with NcoI and BamHI, and ligated with NcoI/BamHI-restricted pET-28a vector. The resulting plasmid containing the oraE gene was designated poraEX.
To facilitate the over-expression of the ora genes, poraSX and poraEX were used to transform E. coli BL21(DE3) codon plus. Cultures were grown at 37°C by inoculating 5-ml overnight culture into 1 liter of LB medium containing the appropriate antibiotic, 100mg/liter ampicillin for pOraSX or 30mg/liter kanamycin for pOraEX. Incubation was continued until the culture reached an OD 600 of between 0.8 and 1, at which point expression was induced by the addition of 200 mg/liter isopropyl-β-D-thiogalactopyranoside.
Purification of OraS protein-All purification steps were performed on ice or at 4°C. In a typical purification, 15 g of cells (wet weight) were resuspended in 50 ml of 50 mM potassium phosphate buffer, pH 7.0. The cells were ruptured in a total volume of 30 ml by sonication. Cell debris was removed by centrifugation at 25000 xg for 15 min. The supernatant was filtrated through a 0.22 µm syringe filter and loaded onto a 2.6 x 20 cm SP-Sepharose High Performance cation-exchange column equilibrated with 10 mM potassium phosphate buffer, pH 7.0. Protein was then eluted with a 600-ml gradient ascending from 0-0.5 M KCl. The flow rate was 1 ml/min; 5.5-ml fractions were collected. Fractions containing OraS protein were pooled and concentrated to 7 ml by ultrafiltration in a stirred cell fitted with a PM-3 membrane. The concentrated protein solution was then applied to a Sephacryl-S200-HR gel filtration column (2.6 x 90 cm) equilibrated in 50 mM potassium phosphate buffer, pH 7.0. Fractions containing the major protein peak, which comprised pure OraS, were pooled and concentrated by ultrafiltration as described above. The protein solution was stored at -20°C in the presence of 50% glycerol.
Purification of OraE protein from inclusion bodies-OraE protein was expressed in an insoluble
form at 37°C. All purification steps were performed on ice or at 4°C. In a typical purification, 15 g of cells (wet weight) were resuspended in 50 ml of 50 mM potassium phosphate buffer, pH 7.0, containing 100 mM NaCl, 1 mM DTT and 1 mM EDTA. The cells were ruptured in a total volume of 30 ml by sonication. The insoluble fraction was collected by centrifugation at 25000 xg for 15 min and the supernatant was discarded. The pellet was washed twice with 25 ml of the same buffer supplemented with 0.5% Triton X-100 to remove lipophillic contaminants. Each wash was followed by centrifugation at 25000 xg for 15min. The pellet was solubilized in 25 ml of 0.1M potassium phosphate buffer, pH 7.0, containing 6M guanidine hydrochloride, 10 mM DTT and 1mM EDTA. The solution was stirred at room temperature for 2 hours, and cleared by centrifugation at 25,000 xg for 15 min. After this, the purity of the Ora E was better than 90% as judged by SDS-PAGE. No further steps were taken to further purify Ora E before refolding.
The supernatant was used as the stock solution for refolding experiments and stored at -70°C.
The protein concentration of OraE in the stock solution was estimated from a Coomassie Bluestained 10% SDS-polyacrylamide gel.
Refolding of Ora E-All steps were performed at 4°C or on ice. About 3.8 mg of OraS in 2 ml 50% glycerol and 9.1 mg of OraE in 3 ml stock solution were added dropwise to 100 ml 0.1 M potassium phosphate buffer, pH 7.0, containing 1 M guanidine hydrochloride, 10% glycerol and 1 mM DTT, with gentle stirring. After the solution was stirred for a further 20 min, about 400 µl of 12 mM PLP or 100 µl of 2 mM adenosylcobalamin was added. The solution was then dialysed overnight against 3 x 2 liters of 0.1 M potassium phosphate buffer, pH 7.0, containing 10% glycerol and 1 mM DTT in the dark. The dialysate was then cleared by centrifugation at 25,000 xg for 15 min and concentrated to 20 ml by ultrafiltration in a stirred cell fitted with YM 3 membrane. To remove excess OraS and other contaminating components, the refolded enzyme was then loaded onto a Q-Sepharose-HP anion-exchange column (2.6 x 20 cm), equilibrated in 10 mM potassium phosphate buffer, pH 7.0 containing 10% glycerol and 1 mM DTT. The column was first washed with 50 ml of the same buffer, and proteins were then eluted with a 500-ml linear gradient of 0-0.5M KCl. The flow rate was 2 ml/min; 6-ml fractions were collected. Active fractions were pooled and concentrated to 8 ml by ultrafiltration as described above. The protein solution was stored at -20°C in the presence of 50% glycerol.
Mutant construction-The construction of mutant, poraEX-H618G, was carried out using recombinant PCR (16) . Two overlapping, complementary oligonucleotides, 43 and 44, were designed to introduce the mutagenic sequence. A 1.9 Kb and 300 base pair region of the oraE gene was PCR amplified using pmutEX as template and oligo 41/44 and 42/43 as primer. Both PCR products were gel-purified and assembled in a second round PCR reaction using oligo 41 and 42 as primers and co-templates. The PCR product was purified, restricted with NcoI and The proteins were eluted isocratically with the same buffer at a flow rate of 0.5 ml/min. Calibration standards were (in Daltons) blue dextran (2,000,000), thyroglobulin (669,000), apoferritin (443,000), β-amylase (200,000) glutamate mutase component E (107,000), and glutamate mutase component S (14,000).
Enzyme Assay-A rapid spectrophotometric method was used to assay D-ornithine aminomutase activity (18) . The assay couples the formation of 2,4-diaminopentanoic acid to reduction of NADP + through the action of 2,4-diaminopentanoic acid dehydrogenase. The 
UV-visible spectrum-For
were recorded using a Hitachi U-3000 spectrophotometer. 
Results
Gene cloning and sequence analysis
From the N-terminal protein sequences obtained for components S and E, two oligonucleotides were designed to function as primers in a PCR experiment, the expectation being that both components would be transcribed as part of the same operon. In addition, the gene sequence of oraE, perhaps unsurprisingly, has a high sequence similarity to that of kamD and kamE. The deduced amino acid sequence of oraE showed 28% identity and 39% similarity to kamD, and 35% identity and 47% similarity to kamE (Fig. 2) . It is interesting to note that the E component has excess Glu and Asp relative to Arg, Lys and His, whereas the S component has excess Arg, Lys, and His relative to Glu and Asp.
Expression and purification of OraS
The protocol described in the Materials and Methods section gave good expression of
OraS. Approximately 20 mg of purified protein was obtained per liter of culture. We developed a new purification based on chromatography on SP-Sepharsose High Perfomance cationexchange matrix. After disruption of cells by sonication, the crude cell extract was directly loaded on to a column of ion-exchange matrix. A large peak of nucleic acids and contaminating proteins eluted first followed by a smaller peak containing many other proteins. OraS eluted next in a well-resolved broad peak; this step resulted in protein that was nearly homogeneous (Fig. 3A) . Finally, the minor contaminating component was removed by use of a Sephacryl S-200-HR gel filtration column (2.6 x 90 cm). The purification work of OraS was summarized in Table 2 . This method of preparation proved very reproducible, and OraS could be stored in concentrated solution in the presence of 50% glycerol at -20°C.
Expression of OraE
In contrast to OraS, our efforts to express OraE protein in E.coli were frustrated. The oraE gene was first subcloned into the pBluescript SK vector. The gene was placed under the control of the lac uv5 promoter. The resulting construct was used to transform E. coli TG1 recO 1504:: Tn5. The expression of the gene was induced by addition of IPTG into exponentially growing cultures. The molecular weight of overexpressed protein was estimated to be about 78,000, a little lower than the molecular weight of the native enzyme from C. sticklandii as judged by SDS-PAGE. The expressed protein was exclusively found in the soluble fraction in the crude cell extract. However, the purified truncated OraE was inactive and unable to bind AdoCbl (data not shown). We therefore decided to seek another system to express the OraE protein.
The second system we used to express the OraE protein was the well-known pET vector. Two oligonucleotides were designed to amplify the coding sequence of the oraE gene in a PCR experiment and to incorporate a NcoI site at the start of the gene. This was to facilitate the subcloning of oraE gene into the expression vector, pET-28a, where it would be under the control of the bacteriophage T7 promoter. To obtain expression of OraE, the resulting construct, poraEX, was used to transform E.coli BL21(DE3) codon plus, which contains bacteriophage T7 RNA polymerase under the control of the lac uv5 promoter. The expression conditions were as described in the Materials and Methods section. The molecular weight of the expressed protein was the same as that of native enzyme, as judged by SDS-PAGE. However, after disrupting cells, the majority of OraE protein was found in the insoluble fraction. Varying the induction temperature and inducer concentration had little effect on the solubility of OraE (data not shown). Therefore, a procedure for purification of recombinant OraE was developed based on the protocols of Marston for the purification of proteins from inclusion bodies (19) . The purified OraE dissolved in 6M guanidine hydrochloride, 10 mM DTT and 1 mM EDTA was nearly homogenous, as shown on by SDS-PAGE. (Fig. 3B) 
Refolding and purification of OraE
In the absence of OraS, any attempt to reduce the occurrence of excessive precipitation of OraE during refolding was unsuccessful. This result suggests that the interaction between OraS and OraE plays an important role in the refolding process. Therefore, an approximately about three-fold molar excess of OraS protein was included in the refolding experiment with OraE. We also found that, in the absence of AdoCbl and pyridoxal phosphate, the proteins demonstrated a tendency to precipitate irreversibly during refolding and subsequent concentration by ultrafiltration. The addition of neither 50% glycerol nor non-ionic detergents during ultrafiltration improved solubility. However, no precipitation was observed when either 200 nM AdoCbi or 4 µM pyridoxal phosphate was included in the dialysate during refolding and subsequent concentration. This result indicates that the binding of either AdoCbl or pyridoxal phosphate to the protein's corresponding motif might facilitate the refolding process, and induce the protein to adopt a more stable conformation. Finally, minor contaminating proteins and excess OraS were removed by a Q-Sepharose HP anion-exchange column. (Fig.   3C ) Excess OraS protein eluted at the beginning of the gradient and refolded D-ornithine aminomutase eluted at the middle of the gradient in a well-resolved peak. The purification work of refolded recombinant D-ornithine aminomutase was summarized in Table 3 .
Kinetic analysis
According to a previous report, the activity of D-ornithine aminomutase prepared from clostridia is not absolutely dependent upon PLP and AdoCbl (5). Therefore, accurate kinetic measurements are not feasible using the native enzyme from clostridia. The overexpression of OraE and OraS in E.coli has allowed protein to be obtained completely free of inhibiting cobamides that were always present in preparations from clostridia (14, 20~23) . In addition, OraE was expressed in the form of inclusion bodies, which resulted in the absence of endogenous pyridoxal phosphate in refolded OraE. These properties of the recombinant enzyme have enabled us to make kinetic measurements on highly active pure enzyme.
The steady-state kinetic properties of the enzyme were investigated. The reaction was absolutely dependent upon OraE, OraS, AdoCbl, PLP, and D-ornithine being present in the assay; no other cofactors were required. The K m for AdoCbl was measured by using proteins that were refolded in the presence of PLP, and the K m for PLP by using proteins that were refolded in the presence of AdoCbl. Computer analysis gave K m values for D-ornithine, AdoCbl and PLP of 44.5±2.8, 0.43±0.04 and 1.5±0.1 µM, respectively; the k cat was 6.3±0.1 sec -1 . (Fig. 4) It is noteworthy that the activity measured is not affected by the addition of extra OraS protein to the assay solution.
UV-Vis spectra and AdoCbl-binding mode
The analog of AdoCbl, adenosylcobinamide (AdoCbi), which lacks the nucleotide loop, was used to examine the AdoCbl-binding mode of the enzyme (24) . When wild type apoenzyme was reconstituted with AdoCbi at pH 8.5, the absorption maximum of the corrinoid's UV-visible spectrum shifted from 458 nm to 525 nm, suggesting that the coordination state of the cobalt atom in AdoCbi was altered from five ligands to six ligands. However, no significant change was observed when AdoCbi was incubated with mutant OraE-H618G. (Fig. 5) The
Discussion
We have cloned, sequenced and overexpressed the genes encoding D-ornithine aminomutase from C. sticklandii. The cloning and sequencing of the oraS and oraE genes will enable the enzyme's mechanism to be investigated in detail by site-directed mutagenesis techniques. In addition, overexpression of both genes in E.coli has both simplified the protein purification work and allowed the enzyme to be prepared in quantities sufficient for future studies.
The reactions catalyzed by AdoCbl-dependent D-lysine and D-ornithine aminomutase from C. sticklandii are strikingly similar, and comparison of the deduced amino acid sequences of kamDE and oraE genes is very informative. According to previous reports, KamDE itself, even in the absence of the small subunit, is sufficient for aminomutase catalysis (14) . As shown in Fig. 2 , the polypeptide chain lengths of OraE (743 residues) and the combined KamD and KamE protein (778 residues) are very close, and exhibit high sequence similarity. Therefore, one might expect that OraE alone would be catalytically active. However, we can not obtain pure OraE in native form to examine its catalytic properties.
The genes encoding D-ornithine aminomutase, oraE and oraS, are adjacent on the clostridial chromosome. They share overlapping start and stop codons, which might lead to transcription coupling so as to produce equal amounts of the two proteins. The formation α 2 β 2 -heterotetramer complex seems quite stable, which results in the observation that the activity of Although OraE protein is expressed in the form of inclusion bodies, this allows it to be obtained free of endogenous corrinoids and PLP, and thus facilitates accurate kinetic characterization of the enzyme. This allowed us to measure the K m for AdoCbl of D-ornithine aminomutase, which has not been reported before. The value of K m for PLP we measured by coupled assay is about five times higher than that measured with the native enzyme by the same method (27) . The proposed 1,2-rearrangement mechanisms of acyl-CoA mutases and aminomutases are quite similar. Both of them are thought to proceed through a cyclic transition state (12, 13, 28) . Partly due to the involvement of two different coenzymes, or the different chemical nature of the migrating group, the turnover rates of aminomutases are lower than those of acyl-CoA mutases (29) . In this paper, we report the initial characterization of D-ornithine aminomutase from C. sticklandii. Future work in our group will focus on the determination of the quaternary structure of the holoenzyme and catalytic mechanism of this 1,2-rearrangement reaction. Tables   Primer name  Sequence  21  23  33  34  35  36  37  38  39  40  41  42  43 
